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Human lung tissue is frequentiy studied as a target organ 
for DNA damage from carginogen-DNA adducts. In order 
to assess the distribution of carcinogen-DNA adducts in 
human lung, we measured 7-raethyI-2'-deoxyguanosine-3’- 
monophosphate (7.methyi-dGp), 7-ethyi-2'“deoxyguano* 
sine-3'-monophosphate (7-ethyl-dGp) and 4-hydroxy-(3- 
pyridyI)-l-butanone (HPB)-reieasing DNA adducts tn dif¬ 
ferent iobes. The first two resuit from exposure to N- 
i' 'samines, including tobacco-spccific nitrosamines, and 
the latter only from tobacco-specific nitrosamines. Using a 
chemically-specific ^^P-postlabeling assay for 7-alkyl-2'- 
deoxyguanosines, adducts were measured in eight separate 
lung segments of ten autopsy donors. 7-Methyl-dGp levels 
were detected in all eighty samples (range from 0.3 to 11.5 
adducts/I O'' dGp; mean 2.5 ± 2.3 adducts/lO'' dGp). 7- 
Ethyl-dGp were detected in all but five of the samples 
(range from <0.1 to 7.1 adducts^lO^ dGp; mean 1.6 ± 1.7 
adducls/10^ dGp). 7-Methy!-dGp levels were approximately 
1.5-fold higher than 7-cthyl-dGp levels, and they were 
positively correlated with each other in most individuals. 
There was no consistent pattern of adduct distribution in 
the different lobar segments. Most individuals, especially 
those with the lowest levels, had similar levels among the 
iobes, while those with the highest levels had a widely 
variable pattern ranging as much as ten-fold. Moreover, 
7-methyl-dGp and 7-ethyl-dGp levels in ail people showed 
a highly significant infcr-individual variation (P = 0.0001). 
The levels of 7-alkyl-2'-deoxyguanosine among individuals 
could not be explained by differences in tobacco exposure 
( asured by serum cotinine), onset of death, gender, age, 
race, blood ethanol, or ventilation and perfusion variability. 
In an effort to corroborate 7-aIkyI-2'-deoxyguanosine 
adducts variability among lobes or individuals, wc sought 
to determine a correlation with HPB-releasing DNA 

’Abbreviations: 7-aIkyl-<JG. 7-alky[-2'-dcoxyguanohinci 7-eihyl-dGp. 7- 
ethyl•2^deoxyguano^mc•3‘'Tnonopb9^pllatcl cyK>chromc P4?<> 

ffEi'. 7-meihyl-dCp. 7-Tnethyl-2'-deoxyguan{)j;ino-3'-monophosphaic; 7- 
melhyl-dG, 7-meihyi-2'-Ucoxyguano.'^ineL dGp. 2'-de(>xyguanoMineO'' 
monophosphalc: HPB. 4-hydrox,y-(.‘i-pyridy!)-l-bulam>ne; LU left superior 
lobe, apical segment, L2. left superior lobe, lingular segment: L3, left inferior 
lobe, medial basal segment; L4, Icl’i inferior lobe, ptwterior basal segment: 
NDEA. /V-niirtxsodi-etbylarnine; NDMA. A^-niJmsodimeibylamine: NNK. 4- 
fmelhyl-nitrnsammoi-l -(.Vpyridyl)-!*buunontf; NNN, W-niirosonomicotine: 
O^meihyl-dG. 0''nKthyl*2'-clcoxyguanosmc. p7-cthyl-dGp, 7»cihyl-2'' 
deoxyguanosinc-.l'.5''btsph«sph4te; p7-fncibyNdGp, 7-meihyl'2'- 
deoxyguam)sine-3',y-hisph«.sphate; pdGp, 2'-deoxyguanosine*3'.5’- 
bisphosphaie; Rl, fight superior lobe, apical segment: R2, right superior lobe. 
amerioT segment: Rl. nght inferior lobe, medial basal segment; R4, right 
Inferior lobe, posterior basal segment; $AM. S-atlenosylmcthionine; TLC. 
thin layer chromatography. 
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adducts as an independent marker of tobacco exposure. 
However, this tobacco-specific carcinogen-DNA adduct 
could not be detected in four individuals tested (detection 
limit: 0,3 adducts per 10'' dGp). Based upon the lack of 7- 
alkyl-2'-deoxyguanosine discernible adduct patterns, no 
conclusions could be drawn regarding a potential relation¬ 
ship to lobar cancer incidence. The results indicate that in 
studies of carcinogen-DNA adducts, such as 7-alkyl-dGp 
in human lungs, for most individuals a random lung sample 
would be representative of other parts of the lungs. Some 
individuals however might be misclassified due to highly 
variable 7-alkyl-dGp levels. 


Introduction 

Levels of carcinogen-DNA adducts reflect both carcinogen 
exposure, the host’s ability to metabolically activate and 
detoxify carcinogens, and repair DNA (1). Some adducts are 
promutagenic and associated in experimental studies with 
carcinogenesis (2,3). Several studies have measured carcino¬ 
gen-DNA adducts in lung tissue (4-18). If levels vary in 
different parts of an organ, then misclassification of individuals 
might lead to the false estimation of cancer risk. Also levels 
of DNA adducts in different parts of the lung might be 
associated with cancer incidence in that part. 

Alkylating agents such as A/-nitroso compounds are potential 
human carcinogens. Humans are exposed to A'-nitrosamines in 
the diet (19), in the workplace (20), through endogenous 
formation (21,22) and from cigarette smoke (20). These 
compounds alkylate DNA leading to promutagenic lesions 
such as 0'’methyi-2'-deoxyguanosine (0'’methy!-dG*) (23), 
but the low levels of this adduct in human tissues challenge 
many existing assays. However, 7-a!kyl-2'-deoxyguanosine 
adducts [e.g. 7-methyl-2'-deoxyguanosine-3'-monophosphaie 
(7-methyt-dGp) and 7-ethyl-2'-deoxyguanosine-3’-monophos- 
phate (7-ethyl-dGp)j, although not promutagenic, are pre¬ 
dominant alkylation products and are plausibly used as 
surrogate markers for O^methyl-dG and other promutagenic 
alkylated bases. 

Tobacco smoke, the primary cause of lung cancer, contains 
several types of A'-nitrosamines. The most abundant of these 
are the tobacco specific nitrosamines, including the lung 
specific carcinogen 4-(methylnitrOsamino)-1 -(3-pyridy!)-1 -bul- 
anone (NNK) (24). These and other compounds such as 
small amounts of N-nitrosodimethylamine (NDMA) and N- 
nitrosodiethylamine (NDEA) are metabolically activated to 
reactive species which form DNA adducts (23,25,26). NDMA 
and NDEA have been shown to be metabolically activated by 
human bronchial explanis to form methylated and ethylated 
bases, respectively (27-29). NNK both methylates and pyridy- 
loxobutylates DNA, generating 0^melhyl-2'-deoxyguanosine 
{(/’methyl-dC), 7-methyl-dGp (30,31) and adducts which 
release 4-hydroxy-(3-pyridyl)-l-butanone (HPB) upon acid 
hydrolysis (26). The latter group of adducts are specific for 
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the nicotine derived nitrosamines NNN and NNK. NNK is a 
potent respiratory tract carcinogen in animals (25). causes 
transformation of human bronchial epithetial cells (32), and 
the HPB-releasing adduct has been detected in DNA isolated 
from the lungs of smokers (7). 

If carcinogen-DNA adducts are related to lung cancer risk, 
then their distribution in lung tissue might be associated with 
the lobar incidences of lung cancer. It has been previously 
reported (33-36) that among 15 477 cases of lung cancer, 
65.2% occurred in the upper lobes, 6.3% in the middle lobes, 
and 28.5% in the lower iobes (36). The incidence also is 
dependent upon the histological type and smoking status of 
the patients (37). Among nonsmokers and former smokers, a 
decreased incidence of centra! bronchogenic cancers and an 
increase of peripheral lung adenocarcinoma have been 
observed. Peripheral tumors have increased from 31% before 
1978 to 42% from 1986 to 1989. 

To date, several investigations (8,10,12) have focused on 
the levels of 7-methyl-dGp adducts in human lungs. Higher 
levels have been found in smokers compared to nonsmokers 
(8). Separately, 7-methyl-dGp levels in lung tissues have been 
associated with cytochrome P450 IID6 and IIEl genetic 
polymorphisms (38). Currently, there are no similar published 
studies for 7-ethyl-dGp. We present herein a study of 7-methyl- 
dGp and 7-ethyl-dGp adduct distribution in human lung of ten 
autopsy donors. TTie present study investigates the lobar 
distribution of several iV-nitrosamine-related DNA adducts in 
order to elucidate associations with cancer incidence, and 
validate the use of random carcinogen-DNA adduct analysis 
as a representative marker of adduct levels throughout the lung. 

Materials and methods 

Tissue coUecrion 

Lung ^tamplcs were obtained from autopsy donors {n - 10) within 12 hours 
folJowing death. Donors were from a Baitimore, Maryland medical examiner's 
office. All individuals were free of cancer. Age range ( 21 to 68 years): gender 
(three females and seven males); race (four African-Americans and six 
Caueasian.s); and bJood ethanol levels were detemiined by the medical 
examiner. Tissue samples from eight pans of the lung were collected and 
Bash frozen tn liquid nitrogen. The lobar and segmental location of the pans 
are shown in Figure L These sections herein are referred to as the right 
superior lobe, apical segment (RI); right supenor lobe, anterior segment {R2>: 
right inferior lobe, medial basal segment (R3); right inferior lobe, posterior 
basal segment (R4j; left superiorlobe>apical segment (LI); left superior lobe, 
lingular segment (L2); left inferior lobe, media) basal segment (L3); and left 
inferior IoIk, posterior basal segment (L4). DNA from the tissues was extracted 
as previously described (39). 

Serum cotinine analysis 

Scrum cotinine levels were delermined using a radioimmunoassay with 
polyclonal antibodies as previously described (40). 

7-Alkyl-deoxyguanosine adduct analyses 

7-Methyl-dGp and 7-ethyl-dGp were purified by two sequential HPLC steps 
and quantitated by the ^^P<posflabeiing assay (10). All syntheses of adduct 
standards were performed exactly as previously described (10.12). The mcthtKi 
w'as found to be chemically-specific and was validated using Hynthesi/.cd 
radiolabeled standard.?; deieciion limits and adduct recovcrie.s were previously 
reported (10) and the overall adduct recovery with this method was 58% for 
7-melhyl-dGp and 98% for 7-eihyl-dGp. Briefly. DNA wa.s digested to 
nucleoside'.^'•monophosphates with micrococcal nuclease <5 units; Sigma. St 
Louj.s; MO) in the presence of reaction buffer (20 mL 25 mM Tris-HCI, 2.5 mM 
CaCL. pH 8.8, 30 min), followed by calf spleen ph<isphtKiiestcrasc (20 

pi. 2 mg/ml. 90 min). The DNA digest was subjected Ui an initial HPLC 
pufilicaiion (ion-pair reverse phase). The fractkms containing the adducts 
were dried in vacu<f and subjected to a second HPLC purification step (weak 
anion exchange). Fractions containing the adducl.s were dried in vacua and 
analy7.ed by the '^P-post!abeling assay. This consisted of incubation with 
unlabeled ATP (0.5 fit. 10pm), (gamma-^'PfATP (2.0 pi, 20 pCi). dithioihreiiul 
dpi.0.1 M),reaction buffer (2 pi, 0.1 M bicine-Na. 10 mM spermidine. 0.1 M 
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Posterior View 



*R3 and L3 are not shown. 

Fig. 1. Graphic depiction of lobar segments. Right superior lobe, apical 
segment (Rl): right supenor lobe, anterior segment (R2); right infenor lobe, 
medial basal segment (R3, not visible on this Figure); right inferior lobe, 
posterior basal segment (R4); left superior lobe, apical segment (LI); left 
superior lobe, lingular segment (L2); left inferior lobe, medial basal segment 
(L3; not visible on this Figure); left inferior lobe, posterior basal segment 
(L4). 


MgCL, pH 9.5) and T4 polynucleotide kinase (DuPont NEN. Wilmington. DE). 
(10 units; 37*C. 45 min). A second aliquot of T4 piolynucleotide kinase <10 
units) was added for a further Incubation period (45 min). The reaction 
mixture (7 pi) was resolved by 2-dimensiona) thin layer chromatography 
(polyethyleneiminc cellulose thin layer chromatography plates. 20x20cm-. 
Macherey-Nage), Germany) and adducl-s were identified by co-elution with 
non-radioaettve standards. Nucleotides were visualized and quantitated on the 
chromatography plates by a radiaanalytical image detection system (Ambis. 
San Diego, CA). A molar ratio of radiolabeled p7-mcthyi-dOp or p7-ethyl- 
dOp to pdGp was calculated and extrapolated back to the amount of dGp in 
the saniple. Each sample was analyzed twice. All lobc.s from an individual 
• were analyzed together in a single batch; the replicate was performed several 
weeks later. Within every set of 16 samples, one DNA sample with a known 
adduct level was analyzed as a control. 


^-Hydroxy'(J-pyridyl\- /-butanone (HPB} releasing adduct analysis ) 

DNA (200 pg). Including the internal standard lD2-3.3'l-4'hydroxy-(3-pyri- 
dyI)-l-butanone (Di-HPB) was hydrolyzed in O.I N NaOH at 80'^C for 3 h 
as previously described (7,41). Following neutralization, HPB and Dj-HPB 
were extracted, derivaiized, further purified and analyzed by GC-MS with 
deieciion by select ion monitoring with negative ion chemical ionization. 


Venuiatio/i/perfusian lung scans 

Lung scan data from seven normal volunteer subjects (unrelated to the autopsy 
donors who were studied for adduci analysis) were reviewed in order to assess 
perfusion and ventilation variability among different lobes. Lung scans were 
performed as previou.siy reponed (42), No subject had a history of significant 
medical problems such as asthma, pneumonia or pulmonary emboli. Ventilation 
scans were performed using approximately 15 mCi of '^'Xc. For the perfusion 
studies. 2 mCi of ‘^'"TC-MAA were used intravenously. Imaging w'as 
performed with a scintillation camera. The analysis wa? done on posterior 
images u.sing four regions of interest in each lung from apex to base. 


Statistical methods 


Spearman's correlation coefficients were dtMermined for the analysis of adduct 
levels in different lobes (Siatisiica, StatSoft, Tulsa, OK). Wilcoxon scores 
(Rank sum.s) tests were applied for determination of differences between 
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7-AlkyK>2''dcoxyguanosine distribution in human lung 


Tabu I. Study subject charactchsiiirs and 7-alkyl-dGp Icvcis 


Case 

Gender 

Age 

Race* 

Cause oF 
dealh*’ 

Serum 

cotinine^ 

Blood 

eihatiol^ 

7-MethyJ-dGp^ 

7-Eihyl-dGp' 


P 

7.778 

M 

30 

c 

MVA 

2 

O.IS 

5.0 - 3.7 

3.6 * 2.4 

0.30 

0.45 

268.1 

M 

30 

c 

Gunshot 

ND'’ 

0.08 

4,1 ± .3.4 

2.7 ± 2.0 

-0.02 

0.95 

2708 

M 

47 

AA 

MVA 

ND 

ND 

4.3 i 2.3 

2.8 i 2.0 

0.74 

0.04 

2908 

M 

29 

AA 

MVA 

332 

ND 

2.3 * 1.3 

1.0 i 0,8 

0.88 

0.04 

2719 

M 

47 

AA 

MVA 

455 

0.26 

2.4 I 1.6 

0.4 r 0,4 

-0.31 

0.45 

2856 

M 

43 

C 

MVA 

116 

ND 

2.0 d: 1.6 

1.7 = 1.2 

0.66 

0.07 

2686 

F 

27 

C 

Heart failure 

268 

ND 

2.0 ± 0.8 

2.1 ± 2.0 

0-76 

0.02 

2878 

F 

26 

AA 

Gunshot 

750 

0.01 

1.4 ± 0.7 

1.3 ± 1.0 

0.67 

0.07 

296! 

M 

37 

c 

MVA 

ND 

ND 

0,9 ± 0.5 

0.2 ± 0.2 

-0.20 

0.64 

2749 

F 

68 

c 

Kean failure 

316 

ND 

0-7 ± 0.4 

0.9 ± 0.9 

0.81 

0.01 


'C, Caucasians. AA. African-American. 

^MVA, moior vehicle accident. 

‘•'ng/ml. 

^Nd. not detected; < 2 ng/ml. 

*^Per lO^dGp, mean of eight different pans studied per person 
^Spearman's correlation coefficient for 7-mclhyl-dGp and 7-ethyl«dGp. 


Table IL 7-MeihyUdGp/lO'^ dOp adduct levels in lobar segments 

( V-Melhyt-dOpi'lO’ dGp' 

Location 


Rl'> 

R2*> 

R-l" . 

54“ 

LI*" 

LZ'’ 

L3b 

L4'> 


Case 

2778 

1.2 

16 

11.0 

1.6 

8.5 

2.8 

7.5 

5.5 

2683 

2.3 

0,9 

1.6 

11.5 

4.5 

4.8 

5.1 

1.9 

2708 

1.3 

4.6 

6.0 

2.8 

8.8 

4.2 

2,5 

4,4 

2719 

0.6 

LO 

0.6 

3.9 

3.0 

2.1 

4.7 

3.1 

2908 

2.5 

1.7 

2.9 

4.2 

2.8 

3.2 

0.6 

0.7 

2856 

1.5 

1.3 

4.5 

r..5 

4.4 

0.6 

0.3 

2.1 

2686 

2878 

.3.5 

2.1 

1.6 

2,1 

0.8 

2.2 

2.4 

l.l 

0.9 

1.4 

0.3 

1.4 

2.4 

2.t 

0.7 

1.8 

2961 

05 

1.4 

1.0 

0.9 

(.7 

0.2 

1.3 

0.5 

2749 

0.3 

0.5 

0.9 

0.7 

1.2 

0.3 

l.l 

0.5 

Mean 

1.5 

1.7 

3.0 

3.1 

3.8 

T ■? 

2.6 

2.1 

SD'' 

1.0 

1.0 

3.3 

2.0 

2.8 

1.6 

2.4 

1.7 


“Mean of duplicate analyses. 

^Rl, right superior lobe, apical segment; R2, right superior lobe, anterior segment; R3, right inferior lobe, medial basal segment: R4 right inferior lobe, 
posterior basal segment. LI. left superior lobe, apical segment: L2. left superior lobe, lingular segment; LX left inferior iobe.medial basal segment; L4, left 
inferior lobe, posterior basai segment. 

^SD. standard deviation. 


ad- levels and lobes (Siati.silcal Analysis Sysiem. Caiy. NC). The Pearson 
correiatton coefficient was used to assess the correlation between duplicate 
adduct analyses. Multivariate analysis of variance for repeated measures was 
used to assess the influence of assay variability on adduct levels. General 
multi-linear regression was used to assess the dependence of adduct levels on 
location (lobe) and interindivldual variation as independent variables (Proc 
GLM; Staiisiical Analysis Systems. Cary. NC). 

Results 

Subject-study characteristics and 7-a!k.yi-dGp levels are sum¬ 
marized in Table I. In individuals, the total mean of 7-methyl- 
dGp levels varied between 0.7 and 5.0 adducts710^ dGp. Mean 
7-ethyl-dGp levels ranged between 0.9 and 3.6 adducts/10’ 
dOp. No striking relationship was found between adduct levels 
and gender, age. race, serum cotinine or blood ethanol, although 
the small study set excluded a meaningful statistical analysis. 
As a consequence no statistical analysis was performed. The 
cause of death also did not appear to be related to adduct 
levels. Based upon serum cotinine, individuals can generally 


be classified as active smokers (>80 ng/ml) versus nonsmokers, 
who were possibly passive smoke exposed individuals or 
individuals who did not smoke within the last 72 h (43). Overall, 
7-methyl-dGp and 7-ethyl-dGp were positively correlated (r = 
0.539, P = 0.0001), but this was attributed to only six (cases 
2708, 2908, 2856, 2686, 2878, 2749) of the ten individuals 
studied. The ratio of 7-methyl-dGp to 7-ethyl-dGp for all 
individuals and all segments combined was 1.5, ranging in 
individuals from 0.8 to 6,0. 

7-MethyI-dGp was detected in all 80 lobar segments 
(Figure 2). 7-Ethyl-dGp adducts were detected in all but 5 of 
the 80 segments of the ten individuals. Analyses were done 
in duplicate and the assay was reproducible (Figure 3). The 
correlation coefficients for the blinded duplicate analyses 
performed on different days were 0.723 for 7-methyl-dGp 
(n = 80; P ~ < 0.01) and 0.685 for the 7'ethyl-dGp (n = 
15 , P — < 0.01). There was no consistent pattern of adduct 
distribution among the lobar segments (Tables II and III). 7- 
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Case 
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■s«? 

].() 

1 4 
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.3 1 
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268.' 

2U 

1 1 

1 4 

! 9 

■’.i 

2 1 

0 7 

2 b 


(1 ’ 
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1 X 

0 9 

5 3 

2 K 

0 b 

4 ^ 

271 

n : 

0 1 

1 1 

1) 3 

0 X 

O 1 

0 1 

<1 2 

24(IH 

1 2 


[ E 

f!8 

0 8 

2 X 

o.s 

o 1 

2K56 

1 ^ 

1} K 

1 : 

2,2 

4 i 

1 u 

02 

1 9 

2686 
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(1 1 

4 (1 

(>4 

1 ' 

0 ? 

1 II 

2878 

(1 b 

n 1 

(1 

2,8 

2.0 

(EO 

1 4 

2.0 

2461 

- U 1 

1) « 

ti 1 


0.1 

0 2 

‘ (1 1 

<1 1 

274^ 

(1.2 

■ l> 1 

1 ] 

0 3 

29 

(1 4 

1 9 

ri b 

Mean 

1 n 

1 s 

1 4 

2 fl 

2.^ 

1 

1,0 

1 ^ 

.Si)' 

111 

2 

1 b 

1 4 

2 3 

1 S 

0 9 

i u 


••Mciin duplicuti* jjmInscs 

^Rj. nghl superior K>^»c. .ipical Ncgmciu. K'. n^hi superior lohe. untcrmr segmeiu. R.v nijhl jnlenor l<iK‘. meiimi KisjI sciinieiu. RJ. rijih! mjenor luhe. ^ 
postermr hasa} scginenr. 1.1. icfi 'Uiperim lobe, apical scgnroni. 1,2. left superior lobe, lingular segineni. L^. lel't inicni*r lobe, medial basal seuruenL 1.4. Uv.' 
inferior lobe, p<isierior bjs.jl seeniem 
'‘SD. slaiidard deviaiion 


Mcthyl-dGp levels ranged frcmi 0.3 to 11.5 adducis/lO’ dGp 
(mean; 2,5 i 2.5 adducts/lO’ dGpl, 7-cthyl-dGp levels ranged 
from <0,1 to 7.1 addueis/10' dC'rp (mean: 1.6 ± 1.7 adducts/ 
lO^dGp). Repeated measure analysis excluded assay variability 
as a likely explanation for the wuhin'.subjccl variability (inter¬ 
individual variation) or uithin-individual variability (lack of 
specific 7-alkyl-dGp ptitterni. There was no statistical signilic- 
ance for a time effect (/’ = 0.K2 tind /•' = 0.50 for 7-meihy!- 
dGp and 7-ethyl-dCip. respectively), or for interaction of time 
and lobe (P - 0.5b and P = 0.27 for 7-mcihyl-dGp and 7- 
ethyl-dGp. respectively | or time and individual (P = 0.55 and 
P = 0.81 for 7-methyl-dGp and 7-cthyl-dGp, respectively). 
Accounting for repeated measures, lobar segment location was 
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still not statistically signilicant (/’ = 0.29 and P - 0.41 
for 7-mcthyl-dGp and 7-elhyl-tlGp, respectively), hut the 
individual .subject u.as (/' “ 0.0(K)1 for 7-me(hyl-dGp and 7- 
cthyl-dGp). 

for .seven of the ten individuals, the 7-methyl-dGp and 7- 
elhyl-dCp level in a segmeni was similar to levels in iiiher 
segments, considering the assay-rekitcd variability (Figure ''!■ 
These individuals had lower adduct levels For the tuber three 
mdividuaks (eases 277K. 2685, 2708) the levels ninged from 
lO-fold and i 5-fold for 7methyl-dOp and 7-cthYl-dGp, respect¬ 
ively. There was no distinct pattern for upper \ltsus lower 
lobes (7-mcthyl-dGp mean. 2.5 versus 2.7. P = 0.7(). 7-eth>l- 
dGp mean. 1.7 versus 1,5. P - 0.99 respectively!; central 
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7-Methyl-dGp p)er 10^ dGp — Trial 1 



7-Ethyl-dGp per 10^ dGp — Trial 1 

Fig. 3. Coirelalion of (firpiicaied 7.alkyt-dGp analysis. TTie correlation 
coefficients from the duplicates were 0.723 for 7-methyl-dGp (F < O.OI, 
(A)l and 0.685 (P < 0.01. (B)) for 7-ethyl-dap. 

versus peripheral segments (7-inethyl-dGp mean, 2.4 versus 
2.6, P = 0.64; 7-ethyl-dGp mean, 1.5 versus 1.8, P = 0.31 
respectively); or right versus left lobes (7-methyI-dGp mean, 
2.4 versus 2.7, P == 0.23; 7-ethyl-dGp mean, 1.5 versus 1.8, 
P — 0.45 respectively). 

■' ' inter-individual variation in adduct levels was greater 
than intra-organ variation. Figure 4 shows the inter-individual 
variation of the adduct levels for all ten subjects. Multi-linear 
regression for 7-methyl-dGp or 7’ethyl-dGp levels, where lobe 
and individuals (by identification numbers) were entered as 
categorical independent variables, indicated that only the 
individual status was highly associated with adduct levels. In 
the model for 7-methyl-dGp, the overall correlation coefficient 
was P- = 0.51 (/■ = 4.17, P < 0.0001) and the P-value for 
individuals was < 0.0001 and for the lobes the P-value was 
0.12. For 7-ethyl-dGp the overall correlation coefficient was 

= 0.53 if = 4.53, P < 0.0001), and the P-value for 
individuals was < 0.0001 and for the lobes the P-value 
was 0.14. 

In an attempt to explore the wide intra-organ variation in 
adduct levels among some persons, we reviewed data of an 
unrelated set of seven normal volunteers who underwent 
radionuclide ventilation and perfusion scanning. Because the 
results of this procedure are highly dependent on body size 
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Fig. 4. Inicr-individual variation of 7-melhyl-dGp (A) and T-eihyl-dGp 
(Bj ieveis in human Jung (mean, standard error and standard deviation are 
given for each person). 


Table IV, Veniilatlon and perfusion analysis by lung region 


Ratio of rigJit to left* 




!» n" 

III'’ 

lyb 

Venitlation 

Perfusion 

1.02 I 0.24 1.06 10.18 
0.92 ± 0.15 0.99 ± 0.12 

I.I3 r 0.14 
1.17 £ 0.20 

1.30 £ 0.23 
1.26 ± 0.24 


"Mean ± standard deviation, « = 7, 

^Regions are drawn on posterior projections of Jungs; I. right and left apical 
lung region; II, right and left upper-mid lung region; III, right and left 
lowcf-mid lung region: IV, right and left basilar lung region. 


and the force of gravity, wc tested whether there was wide 
intra-organ variation for right versus left side of lungs (Table 
IV). No variation was found for either ventilation or perfusion, 
in contrast to levels of 7-alkyl-dGp. Therefore, the observed 
right versus left side of lung heterogeneity for adduct levels 
in some persons is not likely to be based on individual 
ventilation and perfusion variabilities. 

DNA samples from all eight lobar segments from cases 
2778, 2708, 2719 and 2749 were analyzed for the HPB- 
releasing adduct (representative of exposure to NNN and 
NNK). No adducts were detected. The limit of detection ranged 
from 8 to 50 fmol KPB/mg DNA (or >0.3 adducts/10^ dGp) 
depending on the amount of DNA analyzed. 

Discussion 

The results of this study indicate that 7-methyl-dGp and 7- 
ethyl-dGp adducts are not distributed throughout human lungs 
with a specific pattern. The methodology for detection was 
previously validated and chemically specific. The use of 
autopsy donors who died of sudden death allowed for an 
in vivo examination of adduct levels in persons whose behavior 
was unlikely to have been modified by disease or other factors 
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associated with death. Individuals could be classified as having 
overall high, medium or low adduct levels. The results indicate 
that for most individuals, a random lung sample would be 
representative of levels throughout their lungs. However, 
because 30% had widely varying 7-alkyl-DNA adduct levels, 
a molecular epidemiology study of adduct levels in lung tissue 
might misclassify adduct burden of some individuals, if only 
one segment or lobe is studied. Misclassification would lead 
to loss of statistical power. Thus, large studies of individuals 
or sampling from multiple parts of the lung is recommended 
for molecular epidemiology studies of human lung tissues. In 
the future, measurements in specific cell types would be 
required because of the possibility that given the heterogeneity 
of cell types in the lung even multilobe measurements could 
lead to misclassification of e$tposure status. 

The combined HPLC and ^^P-postlabeling assay for the 
measurement of 7-methyl-dGp and 7-ethyl-dGp is a sensitive 
and specific procedure that has been previously validated 
by multiple corroborative endpoints, including the use of 
radiolabeled standards and several detection methods (10,12). 
In this study, blinded duplicates of 80 samples provided a 
reasonably high correlation coefficient. In individuals, the 
mean adduct levels in peripheral lung DNA were found to 
range from 0.7 to 5.0 7-methyl-dGp adducts per 10^ dGp, and 
for 7-ethyl-dGp from 0.9 to 3.6 adducts per 10^ dGp. These 
levels are in concordance with our previously reported results 
(10), and other groups have reported similar values for 7- 
methyl-dGp in bronchi of nonsmoking individuals (8). The 7- 
alkyl-dGp adducts in human lung tissues likely result from 
exogenous A'-nitrosamine exposures such as /V-nitrosodimethy- 
lamine (NDMA), IV-nitrosodiethylamine (NDEA). 4-(methyl- 
mtrosoamino)-I'(3-pyridyi)' l-butanone (NNK) in tobacco (44) 
and possibly dietary intake (45). Endogenous methylation also 
might contribute to adduct levels, but only in small amounts. 
For example, S-adenosylmethionine (SAM) can non-enzym- 
atically methylate DNA (46,47) as suggested by in vitro 
studies. However, the 7-alkyl-dGp levels in human lung in vivo 
are substantially higher than reported for SAM studies (46). 
One previous investigation (47) reported higher levels but this 
(Vi vitro study used non-physiologically high amounts of SAM. 

The data reported herein show a highly significant inter¬ 
individual variation for 7 alkyl-dGp adduct levels between 
people, which is most likely related to individual differences 
in carcinogen metabolism and for DNA repair (48,49). In 
particular, cytochrome P450 IIEI (CF/’//£7) activates carcino¬ 
genic N-nitrosamines and other low-molecular-weight com¬ 
pounds (50). Genetic polymorphisms in this gene have been 
associated with differences in 7-methyI-dGp levels in human 
lungs (38). Separately, it is known that CYPlIEl is induced 
by ethanol; but in this small sample set. higher adduct levels 
were not found in people with elevated blood ethanol levels. 
While the CYPIIEI protein is present in human lungs in small 
quantities (51), the relationship between enzyme quantity and 
activity for adduct formation in humans needs further study. 

The inter-individual variation could not be explained grossly 
by differences in gender, age, race, serum colinine or blood 
alcohol levels. The variations however, may still be due to 
exposure rather than heritable capacity for methylation (i.e. 
metabolic activation of dietary N-niirosamines). Because per¬ 
sonal interviews were not possible, the actual individual 
exposures remain unknown. Second, colinine and blood alcohol 
levels are not the best predictor for chronic tobacco and alcohol 
use. Although, for tobacco exposure in these donors, serum 
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cotinine was likely to be a good indicator of recent tobacco 
use. Despite the fact that it has a short half-life, most of the 
persons were unlikely to have modified their smoking habits 
prior to their sudden and unexpected death. 

To corroborate the lack of relationship to tobacco use. 
we attempted to measure the HPB-reieasing adduct, which 
specifically reflects exposure and activation of cither NNN or 
NNK- In the four subjects analyzed, no such adducts were 
detected. We expected to see this adduct in two of the four 
cases because they were classified as active smokers by their 
scrum cotinine levels. In these two individuals 7-mcihyI-dGp 
levels were between 0.3 and 4.7 adducts/10’ dGp (mean: 1.5 
7-methyl-dGp/IO’ dGp). The average detection limit for the 
HPB-releasing adduct was 0.3 adducts/IO’ dGp 7-methy!-dGp 
in these samples. Knowing that in NNK treated rats, the ratio 
of methylation to pyridyloxobutylation varies between 7.5 and 
25 (52) and assuming that a similar relationship exists in 
smokers exposed to NNK, is it not surprising that no HPB- 
releasing adducts were found in these samples, given the level 
of methylation detected. In addition, as noted, there are other 
sources of 7-methyl-dGp in addition to NNK. 

The intra-individual variation in adduct levels among lobes 
was high for some individuals. However, no consistent pattern 
of adduct distribution was found. One possible explanation to 
consider would be assay variability. We do believe that ov 
study design of multiple testing, the correlation of the replicate, 
(which were performed on different days) and multiple compar¬ 
ison procedures make assay variability an unlikely explanation 
for the results. 

We explored several possibilities for the random distribution 
of 7-alkyl-dGp levels across lobes. Alkylating agents reach 
the lung through inhaled air (i.e. tobacco smoke), blood (i.e. 
dietary intake) or both. To explore these potential variations, 
we reviewed ventilation and perfusion scan data from seven 
unrelated individuals. Using these radionuclide scanning stud¬ 
ies, neither ventilation nor perfusion displayed intra-organ or 
inter-individual variation. Thus, although nuclear medicine 
studies may not be equivalent to assessing particulate or 
tobacco gas flow in lung airways, it is unlikely that the lack 
of consistency across individuals was due to differences in air 
or blood flow. Alternatively, intra-organ variation of the 7- 
alkyl-dGp levels could be explained by different cell types in 
different lobar segments. There are over 40 cell types found 
in human lungs (53) with different capacities to activate 
carcinogens. Non-ciliated (Clara) cells, which are present 
throughout the airways and at the site of most human pulmona” ' 
carcinomas (54), have a considerably lower capacity to repai,-'^ 
DNA damage relative to alveolar type II cells in vitro (55). In 
the rat, NNK is most efficiently metabolized by Clara cells 
(56), and when NNK is administered to rats, the highest level 
of both DNA methylation and pyridyloxobutylation occurs 
here (57,58). Further, differential metabolic activation o: 
detoxification of alkylating agents in different lung segments, 
due to different concentrations of cells, is also possibly 
responsible for the observed variance of DNA-adduct levels. 
However, the expression of activating cytochrome P450s, for 
example, has never been reported in different parts of human 
lungs, so the origin of this intra-organ variation remains 
unknown. 

For all samples, 7-methyl-dGp levels were approximately 
1.5-foId higher than 7-ethyl-dGp levels. The ratio for indi¬ 
viduals, however, varied from 0.8 to 6.0. The different ratios 
could be related to differences in exposure [i e. NDMA. NDEA 





PM3001192628 


Source; https://www.industrydocuments.ucsf.edu/docs/sywk0001 



I 


V-Alkyl-S'-dcoxyguanosinc distribution in human lung 


and NNK. in tobacco (44)] or differential metabolic activation 
f59), detoxification and repair capacities. Laboratory animal 
studies have found that alkylation in mouse liver produced 
8.0 pmol 7-methylG/g DNA versus 1.2 pmol 7-ethy!G/g DNA 
for equimolar amounts of NDMA and NDEA, respectively 
(60). This difference is iikcly to be due to metabolic capacity. 
In human cells, cytochrome P450s are known to activate these 
compounds differently; transfected human B lymphoblastoid 
cell lines (61) expressing CYPIlEi were 100- to 2CiO-fold more 
sensitive to mutagenic effects of NDMA, while cells expressing 
cytochrome P450 /Mi were more sensitive to NDEA. 

In humans, each of the three major histological types of 
lung cancer occurs more commonly in the upper lobes (65.2%) 
versus the lower lobes (28,5%) (36,37). Tliis study did not 
find an adduct pattern consistent with reported lobar cancer 
incidence (i.e. more adducts in the upper lobes than in Che 
lower lobes). However, the small number of individuals studied 
in this report reduces its power to identify an association. It 
still may be that these adducts are related to cancer risk, but 
just not in all people, or that higher levels in specific lobar 
segments reflect a susceptibility in that segment of an indi¬ 
vidual’s lung. 

This study indicates the importance of intra-organ and inter¬ 
im-‘■vidual variation when examining' human lung tissues. 
A .tional studies are needed to better assess exposures and 
to explore the inter-individual and intra-organ variation for 
cytochrome P450 expression and activity. 
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